Aims/hypothesis Haem oxygenase 1 (HO-1) has strong anti-apoptotic, anti-inflammatory and antioxidative effects that help protect cells against various forms of immune attack. We investigated whether transgenic expression of Ho-1 (also known as Hmox1) in pancreatic beta cells would protect NOD mice from autoimmune damage and prolong graft survival following islet transplantation. Methods To evaluate the protective effect of beta cellspecific HO-1 in autoimmune diabetes, we used an insulin promoter-driven murine Ho-1 construct (pIns-mHo-1) to generate a transgenic NOD mouse. Transgene expression, insulitis and the incidence of diabetes in mice were characterised. Lymphocyte composition, the development of T helper (Th)1, Th2 and T regulatory (Treg) cells, T cell proliferation and lymphocyte-mediated disease transfer were analysed. The potential effects of transgenic islets and islet transplantation on apoptosis, inflammation and the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) were evaluated. Results Transgenic mice showed less severe insulitis and a lower incidence of diabetes than non-transgenic control littermates. Lymphocyte composition and functions were not affected. Islets from transgenic mice expressed lower levels of proinflammatory cytokines/chemokines, proapoptotic gene expression and amounts of ROS/RNS, and were more resistant to TNF-α-and IFN-γ-induced apoptosis. Islet grafts from transgenic mice also survived longer in diabetic recipients than control islets. Conclusions/interpretation Transgenic overexpression of Ho-1 in beta cells protected NOD mice from diabetes and delayed the autoimmune destruction of islet grafts, providing valuable insight into the development of better strategies for clinical islet transplantation in patients with type 1 diabetes.
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Introduction
Autoimmune destruction of beta cells in the pancreatic islets of Langerhans leads to type 1 diabetes mellitus [1] . The NOD mouse is an inbred strain that spontaneously develops autoimmune diabetes resembling human type 1 diabetes [2, 3] . Destruction of beta cells is caused by the release of inflammatory cytokines and cytotoxic molecules, such as IL-1β, IFN-γ, TNF-α, granzyme B and perforin, or by directly inducing downstream cell death signals of the Fas-Fas ligand pathway through natural killer cells, macrophages, pathogenic T helper (Th)1 cells and cytotoxic T cells. In addition, levels of intracellular nitric oxide, reactive oxygen species (ROS) and reactive nitrogen species (RNS) can be induced by these different reactive pathways and also damage beta cells [4] [5] [6] [7] . Haem oxygenase-1 (HO-1) is an inducible intracellular enzyme, which is produced at high levels in the spleen, liver and kidney, and catabolises the haem component of haemoglobin from senescent erythrocytes. HO-1 can break the porphyrin ring of haem to yield equal molar amounts of biliverdin, free iron and carbon monoxide [8] . HO-1 also possesses critical cytoprotective functions that are activated under cellular stress situations, such as inflammation, ischaemia, hypoxia, hyperoxia, hyperthermia or radiation [9] . HO-1 exerts major cytoprotective functions against inflammation, apoptosis and oxidative damage, and acts in the maintenance of microcirculation [10] . Accumulating evidence indicates that HO-1 plays an important role in immune regulation. Thus, immature dendritic cells (iDCs) spontaneously produce HO-1, which is downregulated by maturation stimuli such as lipopolysaccharide. Induction of HO-1 production rendered iDCs refractory to lipopolysaccharide-induced maturation, but preserved IL-10 secretion, suggesting that HO-1 plays an important role in the maturation and function of iDCs, and could be used to modulate the immune response [11] . Splenocytes from Ho-1 (also known as Hmox1) knockout mice secreted disproportionately high levels of Th1 cell-associated and proinflammatory cytokines on stimulation, implying a critical regulatory role of HO-1 in Th1/Th2 balance and early inflammatory responses [12] . In addition, Foxp3 and Ho-1 are coexpressed in human peripheral CD4 + CD25
+ T regulatory (Treg) cells and the suppressive function of the cells is abrogated by inhibition of HO-1 activity [13] . Moreover, adeno-associated virusmediated overexpression of Ho-1 protected NOD mice from autoimmune diabetes by reducing the population of mature dendritic cells and autoreactive T lymphocytes, providing a successful preventive strategy for systemic Ho-1 expression in this disease [14] . Induction or overexpression of Ho-1 also successfully prolonged survival of transplanted grafts following allotransplantation of the heart [15] , liver [16] , thyroid [17] and islets [18] . However, it remains unclear whether HO-1 has a protective effect on pancreatic beta cells in NOD mice.
To investigate the protective potential of beta cell-specific overexpression of Ho-1 in NOD mice and its ability to counter autoimmune attack in syngeneic islet transplantation, we generated murine Ho-1 (mHo-1)-transgenic NOD mice, which overproduce HO-1 under the control of the human insulin promoter. The expression of transgenic Ho-1 in beta cells significantly ameliorated the severity of insulitis and the incidence of diabetes in NOD mice, and increased survival of islet grafts. Although local and persistent HO-1 production did not alter systemic immunity, it mediated against inflammation and apoptosis, and reduced levels of ROS/RNS in islets. Furthermore, transgenic islet grafts successfully delayed recurrence of autoimmunity. Thus, for the first time, we have demonstrated the protective potential of transgenic Ho-1 in islets in this animal model of autoimmune diabetes, providing a potential therapeutic strategy using tissue-specific genetic manipulation.
Methods
Cells and animals NIT-1 is an insulinoma cell derived from NOD mice and was purchased from the American Type Culture Collection (Manassas, VA, USA). The NOD/Sytwu
-A g7 ) mice were originally purchased from Jackson Laboratory (Bar Harbor, ME, USA). NOD.CB17-Prkdc scid /J (NOD/SCID) mice were provided by the National Laboratory Animal Center (Taipei, Taiwan). All mice were bred and maintained under specific pathogenfree conditions at the Animal Center of the National Defense Medical Center (NDMC) (Taipei, Taiwan), which is accredited by Association for Assessment and Accreditation of Laboratory Animal Care International. Experiments were conducted in accordance with institutional guidelines and were approved by NDMC's Institutional Animal Care and Use Committee.
Generation and detection of transgenic NOD mice To generate transgenic mice, we used an insulin promoterdriven mHo-1 construct (pIns-mHo-1) that was created by inserting cDNA into the pIns-plasmid under the control of a modified human insulin promoter.
Immunohistochemical analysis Tissue sections were probed with a rat anti-mouse HO-1 monoclonal antibody (eBioscience, San Diego, CA, USA), an anti-insulin monoclonal antibody (eBioscience) and an anti-Ki67 antibody (Abcam, Cambridge, UK), followed by a horseradish peroxidase-conjugated secondary antibody. Aminoethyl-carbazole reagent (DAKO, Carpinteria, CA, USA) was added for enzymatic stain development and Mayer's haematoxylin was applied as a counterstain.
Assessment of insulitis and diabetes Pancreatic tissues were obtained from 14-week-old transgenic or non-transgenic mice and the severity of insulitis was scored on haematoxylineosin stained sections and classified as described [19] . Urine glucose concentration was measured weekly using Chemstrips (Boehringer Mannheim, Indianapolis, IN, USA). Mice with urine glucose concentration >27.75 mmol/l at two consecutive tests were defined as diabetic.
Islet isolation and transplantation Pancreatic islets were isolated and transplanted into recipients as described in previous reports [20] [21] [22] [23] . The success rate for transplantation, any recurrence of diabetes or loss of graft function were defined as described [21] .
Flow cytometry Flow cytometric analysis was performed as previously described [20, 21, 23] .
T cell proliferation Splenocytes were isolated from 8-weekold mHo-1-transgenic or non-transgenic mice. T cell proliferation was performed as previously described [20, 23] .
Adoptive transfer Splenocytes of female mHo-1-transgenic or non-transgenic donor mice (12-week-old) were treated with Tris-buffered ammonium chloride for erythrocyte depletion and 2×10 7 cells were injected into female NOD/ SCID mice (6-week-old) via the retro-orbital plexus. Diabetes was assessed as described above.
Real-time RT-PCR Real-time RT-PCR was performed using PCR supermix (iQ SYBR Green; Bio-Rad, Hercules, CA, USA) in an iCycler (Bio-Rad) as previously described [20] .
TUNEL assay Sections were probed with rabbit anti-GLUT2 primary antibody (Millipore, Billerica, MA, USA). The secondary antibody used was a Cy5-conjugated goat antirabbit antibody (Jackson Immunoresearch, West Grove, PA, USA). TUNEL staining was used to detect apoptosis with an in situ cell death detection kit (Roche, Indianapolis, IN, USA). Propidium iodide (2 μg/ml) was used as the nuclear counterstain. Images were captured on a confocal microscope (LSM510; Zeiss, Thornwood, NY, USA).
Cytotoxicity assay Islets were stimulated with IFN-γ plus TNF-α (1,000 U/ml or 2,000 U/ml) for 24 h and viability of islets was tested by the MTT assay (Sigma-Aldrich, Saint Louis, MO, USA) [24] .
Measurements of intracellular peroxides
The isolated islets were incubated for 30 min at 37°C with 10 μmol/l dichlorodihydrofluorescein diacetate (Molecular Probes, Eugene, OR, USA). Islets were then dispersed using trypsin treatment and levels of intracellular peroxide were analysed using a FACSCaliber (BD, Franklin Lakes, NJ, USA).
Annexin-V-FITC staining Islets isolated from nontransgenic or mHo-1-transgenic mice were treated with 2,000 U/ml TNF-α plus 2,000 U/ml IFN-γ or 20 ng/ml IL-1β for 24 h. At the end of treatment, islets were washed and dispersed by cell dissociation buffer. Beta cells were stained with 7-amino-actinomycin D (AAD) and FITC-conjugated annexin-V. Apoptotic cells were determined by annexin-V-FITC positive cells.
Statistics Differences in islet graft survival time in mHo-1-transgenic and non-transgenic groups were assessed using Kaplan-Meier survival analysis. For the other experiments, differences were compared using Student's one-tailed unpaired and paired t tests. Differences were considered significant at p<0.05.
Results
Expression of mHo-1 in pIns-mHo-1-transfected NIT-1 cells To test the expression potential of transgenic mHo-1 in insulin-secreting cells, we transfected the pIns-mHo-1 construct into NIT-1 cells and measured expression of transgenic mHo-1 by RT-PCR and its protein levels by western blotting. To determine the level of transgenic mHo-1 expression and to distinguish it from endogenous mHo-1, we designed the P1 and P2 primers to amplify the sequence between the second exon of the human insulin gene and the coding region of mHo-1 (Fig. 1a) . The pIns-mHo-1-transfected NIT-1 cells successfully expressed transgenic Ho-1 at mRNA (Fig. 1b ) and protein levels (Fig. 1c) . Moreover, the expression of mHo-1 could be upregulated under high glucose (20 mmol/l) stimulation for 48 h, suggesting that expression of transgenic mHo-1 was regulated differentially by the insulin promoter (Fig. 1c) . These results clearly demonstrate the expressional availability and feasibility of the pIns-mHo-1construct in NOD beta cells.
Generation of pIns-mHo-1-transgenic NOD mice To evaluate directly whether transgenic expression of mHo-1 in beta cells protects NOD mice from autoimmune diabetes, we generated pIns-mHo-1-transgenic mice by microinjecting a pIns-mHo-1 construct into fertilised NOD eggs. Southern blot analysis revealed that there were one to five copies of the mHo-1 transgene in the genome of the transgenic founder (Fig. 2a) . RT-PCR results indicated that transgenic mHo-1 was expressed specifically in the pancreas of mHo-1-transgenic mice (Fig. 2b) , confirming the stringent expression of this transgene driven by the insulin promoter. Western blot and immunohistochemical (IHC) analyses demonstrated the presence of HO-1 in the spleen, liver and kidney both in transgenic and non-transgenic control mice ( Fig. 2c, d ). However, HO-1 levels were significantly higher in the pancreatic islets of the mHo-1-transgenic mice, but were barely detectable in controls (Fig. 2c, d ).
These results indicated that levels of endogenous HO-1 in pancreatic islets is very low and confirmed that the insulin promoter used in our system could overexpress mHo-1 accurately in pancreatic islets. Moreover, the overall expression level of Ho-1 in transgenic islets was lower than that in non-transgenic islets stimulated with cobalt protoporphyrin (CoPP), a strong HO-1 inducer (Fig. 2e) . These results suggest an expressional difference between insulin promoter-driven and CoPP-induced islets.
Characterisation of the diabetogenic process in mHo-1-transgenic NOD mice and evaluation of mHo-1-transgenic islets following syngeneic islet transplantation To investigate the potential protective effects of tissue-specific expression of transgenic mHo-1 in autoimmune diabetes, we analysed the severity of insulitis in mHo-1-transgenic (n=4) and non-transgenic mice (n = 4) at 14 weeks of age; we also investigated the incidence of spontaneous diabetes in mHo-1-transgenic (n = 30) and non-transgenic mice (n=30). The severity of insulitis was reduced significantly, although expression of the mHo-1 transgene did not completely prevent it (Fig. 3a) . To further investigate the protective effect of transgenic mHo-1, we analysed the development of spontaneous diabetes. The mHo-1-transgenic mice were protected significantly from the development of autoimmune diabetes compared with nontransgenic littermates (p< 0.01) (Fig. 3b) , confirming the advantage of islet-specific Ho-1expression in preventing autoimmune diabetes in NOD mice. Transplantation of pancreatic islets into a diabetic recipient is a potential way to cure individuals with type 1 diabetes. To investigate whether transgenic expression of mHo-1 in transplanted islets could reverse diabetes in recent-onset mouse recipients and protect beta cells against immune attack, we performed islet transplantation. We isolated islets from mHo-1-transgenic or non-transgenic mice and Ho-1 to enhance Ho-1 expression and a non-coding exon on the upstream side of the first intron. This can be used to discriminate between Ho-1 expression encoded by the pIns-mHo-1 construct and endogenous gene expression using a forward primer that binds the non-coding exon. The entire first non-coding exon followed by the first intron and 16 bp of the second exon of the human insulin gene, which are not translated into protein, were preserved to ensure the stringency of the insulin promoter. A forward primer (P1) in the second exon of the insulin gene and a backward primer (P2) in the coding region of mouse Ho-1 were designed to evaluate expression of the transgene specifically. The pIns-mHo-1 construct was transfected into NIT-1 cells using lipofectamine and transcription and translation of pIns-mHo-1 were detected by (b) RT-PCR and (c) western blotting. Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) was the internal control for RT-PCR implanted them into the left kidney capsule of newly diabetic female NOD recipients. In most recipients implanted with control islets, hyperglycaemia recurred within 7 days after transplantation; the mean graft survival time was 6.643 days. All recipients grafted with transgenic islets maintained them for at least 8 days and the mean graft survival time was 10.875 days (Fig. 3c) . These results indicate that the transgenic expression of mHo-1 in grafted islets significantly prolonged survival of cells in diabetic recipients (p<0.01). To further investigate whether transplantation disturbed transgene expression and how long mHo-1-transgenic islets continue to produce HO-1, we examined the production of HO-1 in graft islets by IHC staining. The mHo-1-transgenic NOD islet grafts at day 8 after transplantation still produced HO-1, with preservation of the islet architecture, and also showed more intact islets with insulin-secreting function (Fig. 3d) . In summary, expression of transgenic mHo-1 was effective in prolonging islet graft survival, but did not provide permanent protection from recurrence of diabetes.
Lymphocyte and dendritic cell development in mHo-1-transgenic NOD mice It is known that an imbalance between Th1 and Th2 cell responses [25] , pathological dendritic cells [26, 27] and reduced numbers of Treg cells [28] predispose NOD mice to developing autoimmune diabetes. HO-1 can modulate the immune response by inhibiting maturation of dendritic cells and by regulating the functions of Th1 and Treg cells [11] [12] [13] . To investigate whether the protective effect of transgenic mHo-1 works through these immunoregulatory functions, the mHo-1-transgenic NOD mice were crossed with T1/T2 double transgenic NOD mice to generate T1/T2/mHo-1 triple transgenic NOD mice. These bear two transgenes: human THY1 Fig. 2 Generation of pIns-mHo-1-transgenic NOD mice. a Southern blot analysis was performed to identify the existence of transgenic mHo-1 and provided the relative copy number of the mHo-1 transgene in the founder. LN, lymph node. Islet-specific expression of the mHo-1 transgene was confirmed by (b) RT-PCR amplification and (c) western blot analysis. White bars, non-transgenic; black bars, mHo-1 transgenic. The transgenic pIns-mHo-1 construct and endogenous mHo-1 transcripts and translated levels from multiple organs of mHo-1-transgenic NOD mice or wild type NOD mice were assessed. *p< 0.05; **p<0.01. Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) and β-actin served as internal controls for RT-PCR and western blotting, respectively. Plus symbol, mHo-1 transgenic mice; minus symbol, normal NOD mice. d Frozen pancreatic sections of control NOD or mHo-1 transgenic NOD mice were stained with antimHo-1 primary antibody. The group staining with horseradish peroxidase-conjugated secondary antibody (Ab) only served as negative control for immunohistochemistry. e Protein levels of mHo-1 in NOD islets following CoPP treatment, in normal NOD islets and in transgenic pIns-mHo-1 islets were detected by western blotting and quantified using UN-SCAN-IT gel software (Silk Scientific, Orem, UT, USA). LN, lymph node under control of the murine Ifn-γ (also known as Ifng) promoter and murine Thy1.1 (also known as Thy1) under control of the murine Il4 promoter [29] . Using these mice, the kinetic development of Th1 and Th2 cells could be measured directly by detecting the presence of human Thy-1 cell surface antigen (Thy1) (a T1 marker) and mouse thymus cell antigen 1, theta (Thy1.1) (a T2 marker), respectively. The distribution of each lymphocyte subpopulation and dendritic cells in the spleen or pancreatic lymph nodes was indistinguishable between the T1/T2/mHo-1 triple and T1/T2 double transgenic NOD mice (Fig. 4a, b) , suggesting that local expression of transgenic mHo-1 did not alter systemic or local lymphocyte and dendritic cell development in NOD mice. Moreover, the percentages of Th1 (CD4/hThy1), Th2 (CD4/mThy1.1) and CD4 + CD25 + forkhead box P3 (FOXP3) + Treg cells in spleen or pancreatic lymph nodes were not significantly different between the T1/T2/mHo-1 triple and T1/T2 double transgenic NOD mice (Fig. 4a-c) , indicating that overexpression of mHo-1 in islets did not suppress systemic or local IFN-γ-producing cells, or induce IL-4-producing cells. Furthermore, the maturation of dendritic cells and the numbers of Treg cells were not affected by local mHo-1 overexpression.
To further dissect the protective mechanisms in mHo-1-transgenic mice, we characterised the pathogenicity of T lymphocytes and performed adoptive islet transfer experi- Fig. 3 Diabetogenesis in mHo-1-transgenic NOD mice and protective effects of syngeneic transgenic mHo-1 islet transplantation against autoimmune attack. a The severity of insulitis was examined on haematoxylin-and eosin-stained sections of pancreases from transgenic or control NOD mice at 14 weeks of age. Investigators were blind to the identity of the section. We measured 162 islets from four mHo-1-transgenic NOD mice and 131 islets from four non-transgenic control NOD mice for the severity of insulitis. About 38.89% of islets from 14-week-old female mHo-1-transgenic NOD mice were free from lymphocyte infiltration, but only 15.01% in age-matched controls (p<0.05). Only 7.41% of islets from mHo-1 transgenic NOD mice showed destructive insulitis compared with 14.25% in controls (p<0.05). b Spontaneous diabetes in female mHo-1-transgenic NOD mice (black squares) (n=30) or their non-transgenic (white squares) control littermates (n=30) was monitored by weekly measurement of glycosuria. Control littermates started to develop diabetes at 12 weeks of age. In contrast, the first mHo-1-transgenic NOD mouse did not have diabetes until after 15 weeks, indicating a delay in disease onset. At about 30 weeks of age, the diabetic incidence of control mice increased to 66.7%, but that of mHo-1-transgenic NOD mice was still only 33.3%. c The survival duration of mHo-1-transgenic NOD islets (black squares) (n=8) or non-transgenic (white squares) NOD islet grafts (n=14) in the islet-transplanted model of diabetic NOD mice was monitored by testing daily for blood glucose concentrations. d Frozen sections of mHo-1-transgenic NOD and non-transgenic NOD islet grafts at 8 days after transplantation were stained using haematoxylin and eosin (HE). Immunohistochemical analysis was performed to examine production of insulin and murine HO-1. Normal islet structures, insulin and murine HO-1 (black arrows) were observed using light microscopy. Scale bars, 100 μm. There were three independent experiments for the islet transplantation and at least six sections were analysed in each experiment ments. Splenocytes from transgenic or control mice proliferated equally well upon stimulation with anti-CD3 antibody, concanavalin A or NOD islet antigens (Fig. 4d, e) , indicating that the transgenic expression of mHo-1 did not affect the proliferative ability of lymphocytes in antigenspecific or non-specific manners. These results also suggest that transgenic Ho-1 did not interfere with the function of antigen-presenting cells (Fig. 4d) . To further evaluate the pathogenic ability of lymphocytes of mHo-1-transgenic mice, we injected NOD/SCID recipients intravenously with splenocytes from mHo-1-transgenic or non-transgenic mice and compared the progress of diabetes in the two groups. No significant differences were observed between the two groups of recipients (Fig. 4f) , indicating that the expression of transgenic Ho-1 in beta cells did not affect systemic immunity in the NOD mice.
Inflammation and apoptosis in mHo-1-transgenic NOD islets Because HO-1 has significant abilities to counter inflammation, apoptosis and ROS in vitro and in vivo, transgenic beta cells might employ these cytoprotective mechanisms and further prevent the development of autoimmune diabetes. To test this idea, we first compared the expression levels of a panel of proinflammatory and proapoptotic genes between transgenic and control islets by real-time RT-PCR. The expression of inducible nitric oxide synthase (iNos [also known as Nos2]), granzyme B, Il1b, Tnf-α (also known as Tnf), Ifng and the chemokines Ccl2, Ccl3, Ccl4, Ccl5 and Cxcl10 was significantly decreased in transgenic islets compared with controls (Fig. 5a) . Moreover, the expression of proapoptotic genes, such as those encoding for Fas ligand (Fasl) and caspases-3 and -8, was also markedly lower in transgenic islets than in controls (Fig. 5b) . These results support the idea that overexpression of Ho-1 effectively downregulates expression of those proinflammatory and proapoptotic genes, thus contributing to cytoprotection in transgenic mice. To further confirm that apoptosis of beta cells was ameliorated in mHo-1-transgenic mice, we examined the apoptotic beta cells in pancreatic sections by TUNEL assay. The number of apoptotic cells in 6-week-old mHo-1-transgenic islets (Fig. 5d ) was significantly lower than that in non-transgenic islets (Fig. 5c) at the same age, indicating transgenic mHo-1-mediated protection. The TUNEL result was also supported by the downregulation of proapoptotic genes such as caspase-3, caspase-8 and Fasl in real-time RT-PCR results of mHo-1-transgenic islets (Fig. 5b) . To rule out the possibility that the protective effect in mHo-1-transgenic mice was due to the induction of beta cell proliferation rather than the reduction of beta cell apoptosis, we measured levels of the proliferation marker Hincorporation. These results are mean ± SEM from four independent experiments. g The incidence of diabetes in NOD/SCID recipient mice receiving splenocytes from 8-week-old transgenic mHo-1 NOD mice (black squares) (n=6) or regular NOD mice (white circles) (n=6) was assessed by testing for glycosuria every other day Fig. 5 Expression levels of proinflammatory, proapoptotic and antiapoptotic genes in islets from NOD and mHo-1-transgenic NOD mice. Fresh islets were isolated from mHo-1-transgenic NOD mice or regular NOD mice at 6 to 8 weeks of age. RNA was extracted from islets and the levels of expression for (a) proinflammatory cytokine and chemokine genes, and (b) proapoptotic and antiapoptotic genes at the mRNA level were analysed by real-time RT-PCR. The threshold cycle (C t ) value was defined as the number of the PCR cycle at which the fluorescence crossed a fixed threshold above baseline. For relative quantification, the ΔΔC t method was used to measure fold changes of cDNA. Expression of endogenous Gapdh was used as normalisation control. Results shown are the mean ± SEM of four independent groups (each group included islets pooled from three transgenic mHo-1 or nontransgenic NOD mice; *p<0.05; **p<0.01. White bars, nontransgenic; black bars, mHo-1-transgenic. c The apoptotic beta cells in non-transgenic and (d) mHo-1-transgenic mice were examined by TUNEL assay. Green spots, TUNEL-positive cells in the pancreas section; blue, beta cell marker GLUT2; red, propidium iodide (PI) cell nuclei counter staining. e The level of proliferation marker Ki-67 in the pancreas was examined by IHC analysis. Serial sections were stained with haematoxylin and eosin (HE), and with IHC staining for insulin and Ki-67. Black arrows indicate location of beta cells (insulin-positive cells). HE staining shows that a larger area of islet was infiltrated by lymphocytes in the pancreas of non-transgenic NOD mice than in that of mHo-1-transgenic NOD mice. The production of Ki-67 was mainly located on lymphocytes in the pancreas of non-transgenic NOD mice (black arrow head). Scale bar, 100 μm Ki-67 in the pancreas by IHC staining. Serial sections of pancreases from 6-week-old mHo-1-transgenic or nontransgenic mice were analysed by haematoxylin and eosin staining. Insulin and Ki-67 were detected by IHC staining. We observed that there were no apparent proliferation activities in beta cells, either in mHo-1-transgenic or nontransgenic NOD islets, since the positive signal for Ki-67 was not found in areas staining positive for insulin (Fig. 5e) . However, there was a strong proliferative signal on the lymphocyte-infiltrating area in non-transgenic islets (Fig. 5e) , implying an activating status of those infiltrating lymphocytes. These results further confirm an anti-apoptotic ability mediated by transgenic mHo-1 in beta cells and indicate that protection is less than likely to be through the proliferation of beta cells themselves.
To further evaluate the antiapoptotic ability of HO-1, we analysed TNF-α-induced apoptosis in NIT-1 cells, NIT-1 cells with CoPP treatment or NIT-1 cells transduced with lenti-HO-1. The CoPP-treated NIT-1 cells and Ho-1-transduced NIT-1 cells exhibited lower rates of apoptosis than the control NIT-1 or green fluorescent protein (GFP)-transduced NIT-1 cells, respectively (Fig. 6a) , indicating that NIT-1 cells showing Ho-1 overexpression can counter apoptotic attack by cytotoxic cytokines. To investigate the antiapoptotic potential of mHo-1-transgenic islets, we isolated islets from 6-week-old mice and detected their ROS/RNS levels. The ROS/RNS levels in mHo-1 transgenic islets were significantly lower than in control islets (Fig. 6b) . We propose that ROS production at this age may largely come from islet cells. However, we cannot completely exclude the possibility that these few infiltrating lymphocytes still contribute to ROS production presented in Fig. 6b . Real-time RT-PCR analyses (Fig. 5a, b) revealed that Ifng, Fasl and granzyme B, predominantly expressed in immune cells, were detected from isolated islets, supporting the existence and activating status of the infiltrating immune cells in islets. Nevertheless, the expression levels of those genes in infiltrating immune cells from mHo-1 transgenic mice were downregulated, compared with those in non-transgenic mice, indicating a transgenic HO-1-modulated effect on the activating status of lymphocytes. Strikingly, mHo-1-transgenic islets showed higher viability than control islets under TNF-α plus IFN-γ treatment (1,000 U/ml or 2,000 U/ml, *p<0.05) (Fig. 6c) . To determine the antiapoptotic ability of HO-1, we detected annexin-V-positive cells in the islets treated with 2,000 U/ml TNF-α plus 2,000 U/ml IFN-γ. Apoptotic cells in beta cells isolated from mHo-1-transgenic mice were significantly fewer than in beta cells isolated from non-transgenic littermate (*p<0.05) (Fig. 6d) . Thus, the mHo-1-transgenic islets had strong antiapoptotic ability against cytotoxic cytokines. This could contribute to protection against autoimmune diabetes and prolong survival of transplanted islet grafts in NOD mice. We further examined the protective effect of HO-1 on IL-1β-induced beta cell apoptosis. Our data revealed that although the percentage of annexin-V-FITC-positive beta cells in mHo-1-transgenic mice was slightly lower than that in non-transgenic mice, the difference was not statistically significant (Fig. 6e) . These results suggest that transgenic HO-1-mediated protection is much less significant in islets treated with IL-1β than in islets treated with TNF-α und IFN-γ. To further investigate the transgenic Ho-1-mediated protective mechanism, we evaluated the status of phosphorylated signal transducer and activator of transcription 1 (STAT-1), inhibitory protein of NF-κB (IκB) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (p65) in islets isolated from non-transgenic or mHo-1-transgenic mice by western blot. Our result revealed no significant differences in the phosphorylated status of NF-κB or IκB between non-transgenic and mHo-1-transgenic mice. However, the amount of phosphorylated STAT-1 was lower in the islets of mHo-1-transgenic mice (Fig. 6f) . This result suggests that transgenic Ho-1-mediated beta cell protection is dependent on the IFN-γ-STAT-1 pathway.
Discussion
In NOD mice, transient and systemic overexpression of mHo-1 by viral transduction or using CoPP induction can successfully reduce the degree of insulitis and decrease the frequency of spontaneous diabetes because both systemic autoimmunity and ROS production by the pancreas are suppressed [14, 30] . However, it is unclear whether constitutive production of HO-1 in a beta cell-specific manner could prevent autoimmune diabetes and prolong graft survival following syngeneic islet transplantation. To test this idea, we first established mHo-1-transgenic NOD mice under control of the insulin promoter [31] . These animals produce high levels of HO-1 in pancreatic beta cells from birth. The degree of insulitis was milder, and disease kinetics and incidence in mHo-1-transgenic mice were ameliorated compared with non-transgenic littermates. These results demonstrate that the local and persistent expression of mHo-1 in pancreatic beta cells offers protective effects against autoimmune diabetes.
Islet transplantation is a better therapeutic strategy than administration of exogenous insulin for the treatment of patients with type 1 diabetes, as it can adjust blood glucose to an adequate level in 'real time', avoiding secondary complications [32] . However, autoimmune attack and allograft rejection are major problems leading to destruction of islet grafts. Autoimmune attack occurred faster and was more severe than allograft rejection [33] . Induction of HO-1 by viral transduction or drugs can alleviate allograft Fig. 6 Anti-apoptotic ability of NIT-1/lentivirus-mHo-1 and mHo-1-transgenic islets. a NIT-1 cells, NIT-1 cells treated with CoPP (100 μmol/l)(NIT-1/CoPP), NIT-1 cells transduced with enhanced GFP using lentivirus (NIT-1/Lt-GFP) and NIT-1 cells transduced with mHo-1 using lentivirus (NIT-1/Lt-mHo-1) were treated with TNF-α (500 U/ml) in culture medium for 24 h. The viabilities shown are the means from four independent experiments; *p<0.05. b The ROS/RNS levels of fresh islets from transgenic mHo-1 NOD mice or non-transgenic NOD mice at 6 to 8 weeks of age were detected with dichlorodihydrofluorescein diacetate. Results shown are three independent experiments (each experiment included islets pooled from three transgenic mHo-1 or nontransgenic NOD mice); *p<0.05. c Fresh islets from transgenic mHo-1 NOD (black bars) mice or non-transgenic NOD (white bars) mice at 6 to 8 weeks of age were treated for 24 h with TNF-α plus IFN-γ (1,000 U/ml or 2,000 U/ml). Viability is shown as the mean ± SEM from four independent experiments (each group included islets pooled from three transgenic mHo-1 or non-transgenic NOD mice); *p<0.05. d Detection of apoptotic cells. Islets isolated from non-transgenic or mHo-1 transgenic NOD mice were treated with 2,000 U/ml TNF-α plus 2,000 U/ml IFN-γ for 24 h. After the end of treatment, islets were washed and dispersed by cell dissociation buffer. Beta cells were stained with 7-AAD and FITC-conjugated annexin-V. Apoptotic cells were determined by annexin-V-FITC positive cells. Data are shown are mean ±SEM from three independent experiments (each group included islets pooled from two transgenic mHo-1 or non-transgenic NOD mice); *p<0.05. e Evaluation of the protective effect of HO-1 on IL-1β-induced beta cell apoptosis. Islets isolated from non-transgenic or mHo-1-transgenic NOD mice were treated with 20 ng/ml IL-1β for 24 h. At the end of treatment, islets were washed and dispersed by cell dissociation buffer. Beta cells were then treated as above (d). Data are shown as the mean ± SEM from three independent experiments (each group included islets pooled from two transgenic mHo-1 or non-transgenic NOD mice). f The status of phosphorylated STAT-1, IκB and NF-κB (p65) in islets isolated from non-transgenic or mHo-1-transgenic NOD mice was determined by western blot rejection following islet transplantation [18, 34] , but the potential for beta cell-specific production of HO-1 in protecting against autoimmune attack has not yet been evaluated. Our results here are the first to demonstrate that HO-1 overproduction in beta cells effectively prolongs graft survival. This suggests that local production of HO-1 helps protect against recurrence of autoimmune diabetes. However, this protective effect is not complete or lifelong; this may be because expression of the Ho-1 transgene is varied and insufficient. This point is supported by some evidence that the expression level of HO-1 in cells affects its cytoprotective effects [35] .
Accumulating evidence has shown that not only Th1 cells, but also mature dendritic cells and Treg cells are related to the development of autoimmune diabetes in NOD mice. Dendritic cells in NOD mice have abnormally high immunostimulatory and Th1-inducing abilities. In addition, inhibition of iDC maturation can also suppress immune response and induce peripheral tolerance in NOD mice. A decline in the Treg cell population was also noted in NOD mice and transfer of polyclonal CD4 + CD25 +
FOXP3
+ Treg cells has been demonstrated to prevent diabetes in NOD mice [28] . A previous study has reported that systemic expression of Ho-1 by AAV-HO-1 transduction suppressed the population and activities of systemic Th1 cells by decreasing the population of mature dendritic cells in NOD mice, but this did not affect systemic Th2 and Treg cells [14] . However, the populations of lymphocytes such as CD4 including Th1 and Th2, CD8, Treg cells and mature dendritic cells in spleen or pancreatic lymph nodes were indistinguishable between transgenic and control mice in our study. We further evaluated the diabetogenic ability of lymphocytes in transgenic mice by adoptive transfer experiments. The result indicated an equal diabetogenic effect of lymphocytes from both mouse strains. These data suggest that transgenic Ho-1-mediated protection may not act by modulating systemic autoimmunity.
Previous studies have indicated that HO-1 counteracts inflammation, including reduction of inducible nitric oxide synthase, chemokines and cytokine levels in islets and other cells [36] [37] [38] [39] . Using real-time RT-PCR, we found lower expression of inflammatory chemokines in islets from transgenic mice. Our results support the idea that overexpression of Ho-1 in beta cells decreases the secretion of inflammatory chemokines in islets and hence reduces the number of lymphocytes attacking the islets. The insulitis score of transgenic mice further supports this conclusion. Besides, HO-1 also contributes to cytoprotection by reducing apoptosis. Tobiasch et al. demonstrated that CoPPinduced βTC3 cells (an insulinoma cell line) with high HO-1 levels were able to counteract the apoptosis of beta cells caused by various stimuli through activation of the p38 mitogen-activated protein kinase pathway [40] . Our TUNEL assay data apparently support those findings. Moreover, human islets highly expressing Ho-1 can resist apoptosis induced by TNF-α and cycloheximide [18] through downregulation of the proapoptotic proteins caspase-3 and -8, and by upregulation of the antiapoptotic proteins apoptosis regulator Bcl-2 (BCL-2) and apoptosis regulator Bcl-xL (BCL-XL) [41, 42] . Similarly, caspase-3 and -8 were also suppressed in mHo-1-transgenic islets in our results. NIT-1 cells with CoPP treatment or transduced with lenti-Ho-1 showed better protection against TNF-α-mediated cell death. Similar results were also observed in mHo-1-transgenic islets, further demonstrating the antiapoptotic effect of transgenic Ho-1.
In this study, we have demonstrated that transgenic Ho-1 in pancreatic beta cells protected against autoimmune diabetes in NOD mice by increasing the ability of islets to counter apoptosis and inflammation without changing the status of systemic immunity. These findings further suggest that genetic manipulation of HO-1 levels in islets could be a potential therapeutic strategy to treat type 1 diabetes and prevent disease recurrence following islet transplantation.
